During hydraulic fracturing operations of low-permeability reservoirs, packers are the key component to ensure the success of multistage fracturing. Packers enable sections of the wellbore to be sealed off and separately fractured by hydraulic pressure, one at a time, while the remainder of the wellbore is not affected. However, reliable sealing properties of the packer rubber are required to meet the high-pressure and high-temperature (HPHT) conditions of reservoirs (such as 70 MPa and 170 °C). In this study, the structures of the packer rubber with two different materials are optimized numerically by ABAQUS and validated by experiments. The optimization process starts from the packer rubber with a conventional structure, and then, the weakest spots are identified by ABAQUS and improved by slightly varying its structure. This process is iterative, and the final optimized structure of a single rubber barrel with expanding back-up rings is achieved. For the structure of three rubber barrels with metallic protective covers, both HNBR and AFLAS fail under HPHT conditions. For the final optimized structure, the packer rubber made of AFLAS can work better under HPHT than that made of HNBR which ruptures after setting. The results show that the optimized structure of a single rubber barrel with expanding back-up rings and the material AFLAS are a good combination for the packer rubber playing an excellent sealing performance in multistage fracturing in horizontal wells.
Introduction
At present, many oil fields in China have come into the middle and late stages of production. In order to guarantee the stability of the oil and gas production, unconventional oil and gas reservoirs and low-permeability reservoirs are the major goals of exploration and development (Wang et al. 2015; Liu et al. 2016; Zeng et al. 2016) . However, because of their low permeability and poor production, it is necessary to fracture the oil and gas wells. Staged fracturing completion technology in horizontal wells is an advanced and effective measure of enhancing oil and gas production and recovery ratios during the exploration of low-permeability reservoirs (Economides and Nolte 2000; Love et al. 2001; Ye et al. 2008) , and packers are key equipment to complete multistage fracturing successfully. However, high demands on the materials and the structure of the packer rubber are required to meet the high-pressure and high-temperature (HPHT) conditions of reservoirs.
Recently, efforts have been taken to study the sealing properties of packer rubber through theoretical calculation, numerical simulation and experimental methods. The materials and the structure are the important factors that affect the sealing properties of the packer rubber. Zhu et al. (2017) made comparisons on the mechanical performances and morphology of three kinds of rubber materials (NBR, HNBR and FKM) before and after corrosion experiments, and the results showed that the tensile properties decreased significantly and the hardness also reduced after corrosion. He et al. (2016) investigated hydrogenated nitrile-butadiene rubber (HNBR) with a Rubber Processing Analyzer RPA-2000 and conducted stress-strain tests in both elongation and compression modes. In order to reflect the applications of packers, all the mechanical properties were tested at both room temperature (RT) and 150 °C. Zeng et al. (2012) carried out tests on AFLAS rubber (a copolymer of tetrafluoroethylene and propylene) using a HPHT autoclave in harsh environments (60 MPa, 175 °C, test period 7 days and different corrosive gases) and analyzed the changes in properties. Atkinson et al. (2001) and Guo et al. (2011) analyzed the touch stress and pressure in the inner wall of the rubber part with nonlinear finite element analysis and optimized the rubber wall thickness through some advantaged plans to bear much stronger stress. Ma et al. (2014) and Qu (2016) constructed a finite element simulation model of double elastomeric packing elements in a packer using ANSYS software and analyzed the influences of different friction coefficients, the loading model and the different angles of the tilted end of the packing element on the varying patterns of contact stress between the packing element and the casing pipe. Polonsky and Tyurin (2015) came up with a new structure design for packers after discussing several designs aiming at enhancing sealing reliability and considering the packers' working conditions. In order to solve the technical problems of deep wells and complex formations, James et al. (2013) improved the temperature resistance and the pressure resistance of the permanent production packer from 69 MPa and 121 °C to 138 MPa and 132 °C after many years of studies. Zhang et al. (2011) and Wang et al. (2014) experimentally investigated the working force between the packer rubber and the casing tube and the stress-strain curves of packer rubber material at different temperatures, which provide the basis for establishing constitutive relations of packer rubbers. At present, most scholars have investigated the material properties of packer rubber by the use of dumbbellshaped specimens and simple cylindrical specimens, and their conclusions indicated that many rubber materials such as HNBR and AFLAS have better pressure resistance and high-temperature resistance. However, the influence of the actual structures and shapes on sealing performance of packer rubber is seriously considered. The packer rubber made of high-performance material may have poor sealing performance under conditions of high pressure and high temperature in low-permeability reservoirs because of an unreasonable structure. In this paper, the study begins with packer rubber with a conventional structure and optimizes the materials and the structure of the packer rubber by ABAQUS software simulation and experimental research. In the experiments, rubber sleeves are installed on a packer and a function test scheme of the packer is designed which can simulate the packer setting and its working conditions.
Theory basis

Selection of the rubber materials
The selection of rubber materials is a key factor in the packer design, because the maximum operating differential pressure and the maximum operating temperature of the packer are primarily limited by the material of the rubber barrel. The main rubber materials of the compression packer are fluorine rubber, nitrile rubber, hydrogenated nitrile rubber and AFLAS rubber (a new fluorine rubber based on tetrafluoroethylene and propylene copolymer), the advantages and disadvantages of these rubber materials are given in Table 1 , and hydrogenated nitrile-butadiene rubber (HNBR) and AFLAS fluoro rubber are considered in the following sections (Choudhury et al. 2010a, b; Alcock and Jørgensen 2015) .
Because of the high nonlinearity and superelasticity of rubber material (great deformation is obtained under a very little force), it is difficult to obtain a reasonable structure of the sealing unit by a theoretical calculation when designing packer rubber. In the analysis and calculation of rubber components, there are many constitutive models to describe the relationship between the stress tensor and strain tensor of the rubber materials, such as Mooney-Rivlin model, Yeoh model and Gent model. Different rubber constitutive models where W is the strain potential energy, I 1 and I 2 are the deformation tensors and C 10 and C 01 are the Mooney material coefficients.
For an incompressible rubber material, its Poisson's ratio can be set as 0.5. The relationship among the elastic modulus E 0 , the shear modulus G 0 and the material coefficients of the rubber material at a small strain can be expressed as follows:
According to the experimental data fitting of rubber hardness H and elastic modulus E 0 , the relationship between them can be obtained:
With Eqs. (2) and (3), the relationship between hardness H and material coefficients (C 10 and C 01 ) can be expressed as follows:
According to the relevant literature about the tensile test of rubber materials, the ratio of C 10 to C 01 roughly ranges from 0.3 to 0.7. 0.5 is selected in this study. Therefore, if the hardness of the rubber material is known, the values of the material coefficients C 10 and C 01 can be determined by Eq. (4). The mechanical properties of the constitutive model for rubber material are given in Table 2 .
Calculation of the packer setting force
The calculation model of the packer setting force is shown in Fig. 1 . In the packer setting, a compressive force (that is packer setting force) acts on the head face of the annulus packer rubber and compresses the packer rubber, which leads to the packer rubber expanding radially and contacting with the inner
wall of the casing. In order to achieve a good sealing effect, the setting force should further compress the packer rubber to make sure that the friction force between the packer rubber and the casing due to the contact pressure is greater than the operating differential pressure. The packer setting force includes two parts: the compressive force required to make the sealing element contact with the inner wall of the casing and the compressive force to make the sealing element expand from contacting with the inner wall of the casing to meet the required sealing effect (Gent 2012; Zhu 2012 ). In the calculation, Poisson's ratio for the sealing element is about 0.5, so that the element can be considered incompressible. When the inner diameter of the casing R ci is 76.2 mm, the axial relative elongation is obtained:
Taking into account the shape of the packer rubber, if the overall length of the packer rubber is 250 mm, its compression distance is: 
Before packer setting After packer setting According to the generalized Hooke law, the compressive force F ε required to make the sealing element contact with the inner wall of the casing is:
The compressive force F ΔP required to make the sealing element expand from contacting with the inner wall of the casing to meet the required sealing effect is: Therefore, the packer setting force F required to ensure the sealing of the sealing element is:
Finally, according to the packer setting force, the setting pressure in the piston chamber can be obtained:
According to the structure size of the packer, the ratio of the compression ring area to the piston area is 1.75. Therefore, the setting pressure which acts on the packer rubber is:
where F is the total compressive force; F ε is the compressive force required to make the sealing element contact with the inner wall of the casing; F ΔP is the compressive force required to achieve the sealing under the effect of differential pressure; ΔP is the differential pressure acting on the packer, 70 MPa; f is the friction coefficient, 0.3; E is the elastic modulus, 10.8 MPa; R ci is the inner diameter of the casing, 76. 2 mm; R i is the inner diameter of the packer rubber, 57.5 mm; R o is the outer diameter of the packer rubber, 73.5 mm; h is 250 mm; ε z is the axial relative deformation; μ is Poisson's ratio, 0.5; R 2 is the outer diameter of the piston, 67.5 mm; R 3 is the inner diameter of the piston, 57.5 mm.
When the casing sizes are 76.20, 77.40, 78.55 and 79.85 mm, the calculation processes are the same as the (6) Δh = h z = 41.145 mm
= 13 MPa above calculation process, and the results are summarized in Table 3 .
Calculation of the average contact pressure
After packer setting, there will be a certain differential pressure on both ends of the packer rubber during the working process. Therefore, the average contact pressure P c between the packer rubber and the casing includes two parts: the contact pressure P c1 due to the compressive force F ΔP in the setting stage and the contact pressure P c2 due to the differential pressure ΔP in the working stage.
The contact pressure P c1 can be obtained as follows:
The contact pressure P c2 is:
According to Eqs. (12), (13) and (14), the average contact pressures of different casing sizes are given in Table 4 .
3 Sealing study and structure optimization
Conventional structure
As the key component of the packer, the structure of the rubber directly influences the sealing properties of the packer. As shown in Fig. 2 , the structure of the regular packer seal unit is a combination of three rubber barrels, which are separated by metal calking rings. In order to study the sealing properties and structure optimization of the packer rubber at high pressures and high temperatures, the process of the packer rubber setting is simulated using the finite element software ABAQUS to provide a theoretical basis for structure optimization before experiments. In the simulation, some assumptions are made as follows without affecting the function of the packer: (1) The packer is always located in the center of the casing and is symmetric around the centerline of the casing; (2) the effect of the packer's self-weight to simulation results is neglected; (3) only the packer rubber is analyzed, and the bottom calking ring, the center pipe and the casing are stationary in the simulation.
Component materials: The material of the center pipe is 35CrMo; the materials of calking rings and casing are 45 steel. The elastic moduli of the calking rings, the center pipe and the casing are 2.1 × 10 5 MPa, and their Poisson's ratios are 0.3. The Mooney-Rivlin model is used in the simulation of the rubber. Because the cost of AFLAS is higher than that of HNBR and AFLAS is mainly imported in China, HNBR is chosen as the material of packer rubber at first. The hardness of the top and bottom rubber barrels is 90 IRHD, and that of the middle rubber barrel is 80 IRHD.
Modeling and meshing: The 2D axisymmetric model is chosen in modeling, because the packer is symmetric around the centerline of the casing. The mesh type of the packer rubber is the CAX4RH element, and the other parts use the default element. The friction coefficient between the packer rubber and metal parts is set as 0.3. The analysis model of three regular rubber barrels is established and meshed as shown in Fig. 3 .
Boundary conditions: The bottom calking ring, the center pipe and the casing are stationary. A pressure of 13 MPa is applied to the top calking ring to compress the packer rubber. The simulation results are shown in Fig. 4 .
According to the analytical results shown in Figs. 4 and 5, although the sealing element with three rubber barrels has a simple structure and the contact pressure on the top rubber barrel end is larger (the average contact pressure is 5.01 MPa > P c (P c = 2.4 MPa), which is given in Table 4), the middle and bottom rubber barrels are not fully compressed, which results in smaller contact pressure (their average contact pressures are 1.15 and 0.25 MPa, respectively). In the packer setting process, the shoulder protrusion happens to the top and middle rubber barrels. The results show that the conventional structure of three rubber barrels has poor sealing properties, which does not fit the conditions of high temperature and high pressure.
Structure optimization plan 1: adding protective covers on both ends
For preventing the shoulder protrusion, metallic protective covers made of red copper are added at both ends of the top and bottom rubber barrels. In order to increase the compression of the packer rubber and improve the contact pressure, the middle rubber barrel is also equipped with a sealing groove at the middle of its inner wall. The new structure of the packer rubber is shown in Fig. 6 . Modeling: As shown in Fig. 7 , the modeling progress of the new structure of the packer rubber with metallic protective covers is the same as that of the conventional structure. The elastic modulus of metallic protective covers is 1.07 × 10 5 MPa, and its Poisson's ratio is 0.36. The materials of other components are identical to those of the conventional structure. The mesh type of the packer rubber is the CAX4RH element, and the other parts use the default element. The friction coefficient among metallic protective covers, calking rings and the center pipe is 0.1, and that between the packer rubber and the metal parts is set as 0.3. The bottom calking ring, the center pipe and the casing are stationary. A pressure of 13 MPa is applied to the top calking ring to compress the packer rubber. The results simulated by ABAQUS are shown in Fig. 8 . According to the analytical results shown in Figs. 8 and 9, the addition of metallic protective covers prevents the shoulder protrusion of the packer rubber and extends its service life. Three rubber barrels are fully compressed because of the sealing groove. (Its compression distance is 40.98 mm, which is larger than that of the conventional structure 34.2 mm.) The contact pressures on the top, middle and bottom rubber barrels (the average values are 5.43, 1.40 and 0.46 MPa, respectively; the maximum values are 7.61, 3.40 and 0.56 MPa, respectively) are larger than those in the conventional structure of three rubber barrels. The results show that the new structure of three rubber barrels with metallic protective covers has better sealing properties than the conventional structure.
In order to examine the sealing properties of the new packer rubber under high temperature and high pressure, packer performance tests were done. The test scheme is shown in Fig. 10 . Two groups of the rubber barrels made of HNBR were installed on a packer, which was placed in a 6-in (152.4 mm) casing, as shown in Figs. 11 and 12 . The packer and the casing were dipped in an oil bath at 170 °C. By use of a high-pressure pump, hydraulic oil was injected into the packer from Hole 1 to set the packer rubber. The other end of the packer was sealed by a plug, so was the casing (2-end). After packer setting, the sealing properties of the packer rubber were tested by pressurizing the annulus between the packer and the casing from Hole 3 and Hole 5. Then, the sealing pressures in Hole 3 and Hole 5 were recorded. However, the maximum sealing pressure only reached 35 MPa during the experiment. After the test, two groups of rubber barrels were removed, as shown in Fig. 13 . The rubber barrels made of HNBR were seriously ruptured and the cracks are very apparent. The experimental results show that the packer rubber made of HNBR cannot meet the sealing requirement under high pressure (70 MPa) and high temperature (170 °C).
With other conditions being equal, the material of the packer rubber was changed to AFLAS rubber which has excellent heat resistance, oil resistance and acid-base resistance. Two groups of rubber barrels made of AFLAS rubber were also installed on the packer, and the tests were done twice. However, the maximum sealing pressures of two tests only reached 50 and 53 MPa, respectively. The rubber barrels were removed after tests, as shown in Fig. 14 . Although all the rubber barrels were not broken in the two tests, they were not fully compressed and the metallic protective covers at both ends of the top and bottom rubber barrels were torn, which led to a poor sealing performance. The results show that the AFLAS rubber can work at a high temperature (170 °C); however, the composite construction of three rubber barrels which looks like tomatoes on sticks cannot meet the sealing requirements under high pressure and needs to be improved further.
Structure optimization plan 2: Single rubber barrel with expanding back-up rings
Although the composite construction of three rubber barrels with metallic protective covers can prevent the shoulder protrusion, the contact pressures of three rubber barrels are very different. Therefore, the new structure of a single rubber barrel with expanding back-up rings (shown in Fig. 15 ) is selected in place of the construction of three rubber barrels, because the middle rubber barrel plays a major sealing role. In the new structure, the material of the single rubber barrel is still AFLAS rubber and there are two metal conical rings at both ends of the rubber barrel instead of the top and bottom rubber barrels in the construction of three rubber barrels to bear the thrust for setting. There are two sets of expanding back-up rings among the conical rings and the rubber barrel for preventing the shoulder protrusion. One set of expanding back-up rings is made of an outer ring and an inner ring. The two rings are embedded in each other to ensure good contacts, and there is a small gap on each ring which is convenient for expanding. A dovetail groove is cut in the inner wall of the rubber barrel. There are a bearing flow ring made of metal and a seal ring (O-ring) to seal the space between the rubber barrel and the center pipe. Through the experimental measurement, the setting force to compress the new packer rubber is 15 tonnes (F = 150 kN) when the new packer rubber is tested in a 7-inch casing. The pressure P s applied to the top of the conical ring to set the packer is where S c is the end face area of the top conical ring.
First, the setting process of the new packer rubber is still simulated using ABAQUS before experiment. Modeling: As shown in Fig. 16 , the modeling progress of the new structure of the packer rubber is the same as that of the 5 MPa, and their Poisson's ratios are 0.3. The possible contact among each part before and after deformation is set. The friction coefficient among metal parts is 0.1, and that between the packer rubber and the metal parts is set as 0.3. The bottom conical ring, the center pipe and the casing are stationary. A pressure of 68.8 MPa is applied to the end face of the top conical ring to compress the packer rubber. The results simulated by ABAQUS are shown in Fig. 17 .
As shown in Fig. 18 , the contact pressure between the casing and the packer rubber with expanding back-up rings (the average value is 9.75 MPa, and the maximum value is 16.43 MPa) is larger than those of the conventional structure and the new structure with protective covers, and no apparent peak value is shown in the distribution curve of the contact pressure, which illustrates that the shoulder protrusion of the packer rubber does not occur and the sealing properties are much better.
Then, the new packer rubber made of AFLAS with expanding back-up rings was installed on a packer, which was also put into the casing. The test scheme and the test procedure of the new packer rubber were the same as that of the packer rubber with protective covers in Plan 1. During the test, the sealing pressures in Hole 3 and Hole 5 of the test unit were increased gradually by the high-pressure pump and 10 MPa was pressurized each time. The curve of the sealing pressures is shown in Fig. 19 . The pressure was stable for 15 min in each stage. Finally, the maximum sealing pressures of the two holes reached 70-72 MPa which were stabilized for 25-30 min. After the test, the packer rubber was removed and the rubber barrel was still intact, as shown in Fig. 20 . In contrast, the new packer rubber made of HNBR with expanding back-up rings was also installed on a packer and tested. However, the maximum sealing pressure only reached 56 MPa. The rubber barrels were removed, as shown in Fig. 21 . The rubber barrels made of HNBR were ruptured which caused a variation of the sealing performance.
The results of both tests show that the new structure of the packer rubber (single rubber barrel with expanding backup rings) is reasonable and can work well under high temperature (170 °C) and high pressure (70 MPa) after setting. AFLAS rubber has greater resistance to high pressure and high temperature than HNBR.
Conclusions
Based on ABAQUS software simulation and experimental studies of the packer setting, we performed the material selection and the structure optimization of the packer rubber for working well under high temperature and high pressure, and the following conclusions can be drawn:
(1) Two structure optimization schemes of the packer rubber are proposed. In each structure, both materials HNBR and AFLAS are tested. The results show that AFLAS rubber has greater resistance to high pressure (70 MPa) and high temperature (170 °C) than HNBR. In the structure of three rubber barrels with metallic protective covers, both HNBR and AFLAS are subjected to varying degrees of damage which cause poor sealing performances under high pressure and high temperature although the performance of AFLAS is better than that of HNBR. In the structure of a single rubber barrel with expanding back-up rings, the packer rubber made of HNBR is also ruptured but the packer rubber made of AFLAS works well under high temperature and high pressure after setting. 2) The structure of the single rubber barrel with expanding back-up rings and the material AFLAS are a good combination for the packer rubber providing an excellent sealing performance during the multistage fracturing of low-permeability reservoirs in offshore fields. In the new packer rubber, the middle single rubber barrel plays a major sealing role and there are two metal conical rings at both ends of the rubber barrel instead of the top and bottom rubber barrels in the construction of three rubber barrels to bear the thrust for setting. A dovetail groove is cut in the inner wall of the rubber barrel. There are a bearing flow ring made of metal and a seal ring (O-ring) in the groove to seal the space between the rubber barrel and the center pipe. 
